Bordetella pertussis produces a 73-kDa protein, BrkA (Bordetella resistance to killing), which inhibits the bactericidal activity of complement. In this study we characterized the step in the complement cascade where BrkA acts, using three strains: a wild-type strain, a strain containing an insertional disruption of brkA, and a strain containing two copies of the brkA locus. Following incubation with 10% human serum, killing was greatest for the BrkA mutant, followed by that for the wild-type strain, while the strain with two copies of brkA was the most resistant. Complement activation was monitored by enzyme-linked immunosorbent assay (ELISA) or Western blotting. ELISAs for SC5b-9, the soluble membrane attack complex, showed that production of SC5b-9 was greatest with the brkA mutant, less with the wild type, and least with the strain containing two copies of brkA. Deposition of complement proteins on the bacteria was monitored by Western blotting. A decrease in deposition on the bacteria of C4, C3, and C9 corresponded with decreased complement sensitivity. Deposition of C1, however, was not affected by the presence of BrkA. These studies show that BrkA inhibits the classical pathway of complement activation and prevents accumulation of deposited C4.
The complement system is a series of proteins that act in a defined sequence (Fig. 1 ) to promote immune clearance by opsonizing or killing microorganisms and augmenting the inflammatory response. Antigen-antibody complexes on the surface of a microorganism can activate the classical pathway of complement, a part of the acquired immune system (Fig. 1) , by providing a binding site for C1. A number of proteolytic activation steps follow which lead to deposition of C4b, C2a, C3b, and C5b on the bacterium. Finally, a series of binding steps occur, leading to the formation of the membrane attack complex (C5b-9), which promotes lysis of the bacterium. Complement is also part of the innate immune defenses and provides a defense against pathogens that have not previously infected the host by recognizing repeating structures such as lipopolysaccharide (LPS) found on the surface of bacteria. In addition, it has become increasingly apparent that the acquired and innate immune systems are linked. Host-expressed pattern recognition molecules recognize structures commonly expressed by microorganisms. For example, the mannose binding protein is a pattern recognition molecule with structural similarity to C1 that bridges the classical and alternative pathways (18) . Mannose binding protein activates the classical pathway by binding to mannose residues on microbial surfaces and activating C4 in a manner similar to that for C1.
Bordetella pertussis is an obligate human pathogen and must therefore survive within the hostile environment of the human host. B. pertussis produces a number of virulence factors to counter most host immune defenses (28) . Although often overlooked as a defense of the respiratory tract, complement levels in this location are normally 10 to 20% of that found in serum and increase during inflammation (21) . Complement resistance is common among respiratory pathogens. For example, Streptococcus pyogenes (1, 14) and Haemophilus influenzae (20) possess complement resistance mechanisms. B. pertussis must also overcome this defense in order to survive within the host. Interestingly, B. pertussis does not activate the alternative pathway of complement (7) . However, an acquired immune response can lead to killing of the bacteria by activating the antibody-dependent classical pathway. The Bordetella resistance to killing (BrkA) protein has been shown to inhibit killing by this pathway (7) .
To elucidate the molecular basis for complement resistance by BrkA, in this study we have attempted to determine which step in the complement cascade is affected by BrkA by monitoring the deposition of complement proteins on the surface of strains either expressing or not expressing BrkA. The presence of BrkA inhibits deposition of C4, C3, and C9 and production of the soluble membrane attack complex. In contrast, BrkA does not affect the deposition of C1. These studies suggest that BrkA acts before C4 deposition.
MATERIALS AND METHODS
Bacterial strains. The four strains of B. pertussis used in this study were previously described. Strain BP338 is a nalidixic acid-resistant derivative of the Tohama I strain (29) . RFBP2171 is a derivative of BP338 that contains two chromosomal copies of the brkAB locus and is more resistant to complement than the wild-type strain (8) . Two complement-sensitive brkA mutants were used. BPM2041 is a derivative of BP338 that has a Tn5 lac insertion (30) in the brkA locus (7), while RFBP2152 is a derivative of BP338 that has a gentamicin insertion and small deletion in the brkA locus (8) . Bacteria were grown on Bordet-Gengou agar (BGA) containing 15% defibrinated sheep's blood (Colorado Serum, Denver, Colo.) and 1% glycerol. The following antibiotics, at the following concentrations, were added to the BGA: 30 g of nalidixic acid/ml for all four strains, 50 g of kanamycin/ml for BPM2041, and 30 g of gentamicin/ml for RFBP2152 and RFBP2171.
Serum. Human sera were collected from adult volunteers. Heat inactivation, when appropriate, was carried out at 56°C for 30 min. All samples were stored at Ϫ80°C.
Serum killing assay. BGA cultures of bacteria were harvested after 20 to 24 h to a concentration of about 10 9 bacteria per ml (optical density at 600 nm of 0.5) in warm (37°C) Stainer Scholte (SS) salts (63.4 mM L-glutamic acid monosodium salt, 2.1 mM proline, 43 mM NaCl, 3.7 mM KH 2 PO 4 , 2.7 mM KCl, 20.1 mM Tris-Cl, 48.5 mM Tris-base, 0.5 mM MgCl 2 , 0.135 mM CaCl 2 ). A volume of 500 l of bacteria was put into a microcentrifuge tube to which was added 400 l of SS salts. A volume of 100 l of normal or heat-inactivated human serum was added to the tube, and the tube was placed in a 37°C water bath for 15 or 120 min. The tube was then placed on ice for 5 min to stop the complement reaction. A 20-l aliquot of the mixture was added to 180 l of phosphate-buffered saline (PBS) (128 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 5 mM K 2 HPO 4 [pH 7.4]) with 10 mM EDTA. Tenfold serial dilutions were performed into SS salts. The dilutions were plated on BGA and incubated at 37°C, and colonies were counted. Survival was calculated as a percentage of serum-treated colonies compared to the number of colonies from heat-inactivated serum control (nonkilling control). Killing was calculated as 100% Ϫ percent survival. Statistical analysis was performed using Student's t test.
To assay for complement deposition, the remaining 0.98 ml of the killing assay mixture was centrifuged at 4°C at 17,000 ϫ g in an SS-34 rotor for 10 min to pellet the cells. The supernatant was filter sterilized and analyzed for SC5b-9, a soluble complement activation product. The cell pellets were washed with 500 l of ice-cold PBS (pH 7.4) three times to remove any nonspecifically bound complement, suspended in 100 l of SS salts, and used for analysis of C1, C4, C3, and C9 deposition. All samples were stored at Ϫ80°C.
Purified C1 deposition. BGA cultures of bacteria were harvested after 20 h to a concentration of about 10 9 bacteria per ml (optical density at 600 nm of 0.5) in warm (37°C) SS salts. A volume of 100 l of bacteria was put into a microcentrifuge tube to which was added 20 l (1.28 mg/ml) of purified C1 (lot no. 4; Advanced Research Technologies, San Diego, Calif.) with or without 20 l (50 mg/ml) of purified human immunoglobulin G (IgG) (lot no. 104H8872; Sigma, St. Louis, Mo.). The sample was brought to 200 l with SS salts. The tube was placed in a 37°C water bath for 15 min and then on ice for 5 min. The bacteria were washed three times with 100 l of ice-cold PBS (pH 7.4) to remove any unbound complement proteins. All samples were stored at Ϫ80°C.
SDS-polyacrylamide gel electrophoresis and Western blotting. The cell suspensions were mixed with 4 volumes of sample buffer (62.5 mM Tris-HCl [pH 6.8], 20% glycerol, 2% sodium dodecyl sulfate [SDS] , and 0.5% [wt/vol] bromophenol blue). Samples for determination of C1, C4, C3, and BrkA included 5% ␤-mercaptoethanol, while samples for C9 determination did not. Samples were boiled and subjected to electrophoresis using the Mini Protean II gel system (Bio-Rad, Hercules, Calif.) on 10% polyacrylamide gels with 5% stacking gels. For examination of C1, C4, and C3, proteins were transferred onto nitrocellulose membrane by wet transfer in a submarine apparatus (Trans-Blot Tank; Bio-Rad) using a modified Towbin buffer (26) (15.6 mM Tris-base, 120 mM glycine, 0.02% SDS, 20% methanol). For examination of C9 or BrkA, proteins were transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore; Bedford, Mass.) using a semidry apparatus (model FB-SDB-2020; Fisher, Hanover Park, Ill.). The membranes were blocked with 5% nonfat dry milk in blocking buffer (81 mM Na 2 HPO 4 , 25 mM NaH 2 PO 4 , 100 mM NaCl). Commercial antibodies to complement proteins-goat anti-human C1q (lot no. 1), goat anti-human C4 (lot no. 1H), goat anti-human C3 (lot no. 2Q), goat anti-human C9 (lot no. 1) (all from Advanced Research Technologies)-were used at a 1:500 dilution in wash buffer (blocking buffer with 0.25% nonfat dry milk and 0.50% Tween 20) . Rabbit anti-BrkA antibodies (obtained from Rachel Fernandez and David Ogden) were used at a 1:50,000 dilution in wash buffer. Secondary antibodies-rabbit anti-goat horseradish peroxidase (lot no. 40786), goat anti-rabbit horseradish peroxidase (lot no. 39678) (all from ICN, Costa Mesa, Calif.)-were used at a 1:62,500 dilution in wash buffer. Proteins were detected by chemiluminescence using the Dupont Western blot Renaissance kit (NEN Life Science Products, Boston, Mass.). Protein identification was based on comparison with human serum and the Benchmark protein ladder (Gibco Life Sciences, Grand Island, N.Y.).
Densitometry. Relative amounts of protein were determined by densitometry of the Western blots (4), using Image Quant 5.0 (Molecular Dynamics, http: //www.mdyn.com) for quantitation. In a control experiment, a dilution series of serum was detected with the antibody to C1q and found to have a coefficient of correlation (R 2 ) of 0.99 (data not shown), suggesting a strong linear relationship between concentration and signal using this technique.
To compare deposition on different strains, results were set relative to the amount of deposition on the brkA mutant (RFBP2152), using the killing results as the expected maximum percent deposition. For example, if 91% of the RFBP2152 cells were killed in the assay, then deposition on RFBP2152 was set at 91% and deposition on the other strains was calculated relative to this value. Statistical analysis was performed using the Student t test.
ELISAs. Quantitative sandwich enzyme-linked immunosorbent assays (ELISAs) (Quidel, San Diego, Calif.) were performed to quantify production of SC5b-9 as a measure of membrane attack complex formation, according to the manufacturer's directions. Plates were read on an enzyme immunoassay reader (model 2550; Bio-Rad) at 405 nm. Results were set relative to the brkA mutant RFBP2152 as in densitometry of Western blots. Statistical analysis was performed using Student's t test.
RESULTS
It has previously been shown that the brkA locus mediates resistance to killing by complement in B. pertussis (7) . Preliminary studies to investigate this resistance phenomenon showed that after 2 h in the presence of 10% serum, viability of the wild-type strain BP338 was reduced 10-fold (Fig. 2 ). In contrast, under the same conditions, the viability of the BrkA mutant BPM2041 was reduced more than 1,000-fold. To determine at which step in the complement cascade BrkA mediates resistance to complement killing, we compared the amount of specific complement proteins deposited on the bacteria and the production of SC5b-9, the soluble membrane attack complex. While differences in bacterial survival can be detected over several orders of magnitude, Western blotting is sensitive only to differences in the linear range. Little difference in complement deposition could be observed when there was significant killing of the wild-type strain (data not shown).
To improve the sensitivity of our assays, we wanted to establish conditions with the greatest survival of B. pertussis. From the killing curve shown in Fig. 2 , we chose to examine complement deposition at 15 min, at which time BP338 survives well in complement. We also examined the influence of two variables known to affect the ability of serum to kill the wild-type strain: BrkA expression and the presence of bactericidal antibodies in human serum.
In order to establish conditions with greater distinction in killing, two new strains were tested. A strain possessing two copies of brkA, RFBP2171, was chosen because it is more resistant to killing by complement than is wild-type BP338 (8) . The brkA mutant RFBP2152 was chosen because, like RFBP2171, it is gentamicin resistant. Western blotting with an antibody to BrkA confirmed that expression of BrkA is increased about 80% in strain RFBP2171 from that in BP338 (Fig. 3,) while no BrkA was detected in the brkA mutant RFBP2152. Resistance to killing correlated with BrkA expression (Fig. 4, empty bars) .
We also examined the effect of different serum samples on killing of B. pertussis. We have shown that some individuals mount an immune response capable of overcoming the BrkA resistance mechanism (31) . To achieve the greatest discrimination in deposition by Western blotting, we chose a serum with weak bactericidal activity. When this serum was used in a 15-min killing assay, survival of RFBP2171 was 71% Ϯ 12% (n ϭ 8), survival of BP338 was 49% Ϯ 8% (n ϭ 9), and survival of RFBP2152 was 12% Ϯ 7% (n ϭ 9). The values were all statistically different. Complement deposition was examined under these conditions.
BrkA inhibits formation of the membrane attack complex. The membrane attack complex is composed of activated C5 (C5b) bound to C6, C7, C8, and C9 (Fig. 1) . Upon binding of C5b and C6 to C7, the complex becomes lipophilic and can insert into the membrane. After membrane insertion, C8 and C9 bind the complex, followed by binding of additional C9 molecules to form poly-C9. The poly-C9 forms pores in the membrane of gram-negative bacteria and leads to death of the bacteria. Alternatively, prior to membrane insertion, C5b-7 can bind a soluble complement regulatory protein, protein S, and form a complex, SC5b-7. This complex cannot associate with the membrane but can bind C8 and C9, leading to the formation of the soluble, inactive SC5b-9 complex (17). The formation of SC5b-9 is often measured to determine activation of the terminal complement cascade (9, 24, 25) .
An ELISA for SC5b-9 was used to measure activation of the terminal pathway of complement (Fig. 4) . Less of SC5b-9 was detected in supernatants from BP338 than in supernatants from BPM2152 (P ϭ 0.05; n ϭ 3), and even less was detected in supernatants from RFBP2171 than in those from RFBP2152 (P Ͻ 0.0005; n ϭ 3). Reduced activation of the terminal pathway of complement by strains possessing the BrkA protein was also observed by Western blot analysis for deposition of either mono-C9 or poly-C9 on the bacterial membrane (Fig. 5) . These results explain why strains expressing BrkA resist killing by complement and suggest that BrkA acts prior to activation of the terminal pathway.
BrkA inhibits the deposition of C3 onto the bacterial surface. C3 plays a central role in the complement cascade. It is present at the convergence of the classical and alternative pathways and leads to formation of the membrane attack complex (Fig. 1) . The molecule has two disulfide-bonded chains, an ␣ chain (119 kDa) and a ␤ chain (75 kDa) (Fig. 6A) . Activation by the C3 convertase leads to the release of a small fragment, C3a (9 kDa). Cleavage also exposes an unstable thioester bond on the C3␣ chain that can form a covalent bond to the bacterial surface. C3 deposition was examined by Western blotting using reducing conditions (Fig. 6B) . The C3␤ chain was detected as a 75-kDa fragment which comigrated with the ␤ chain seen in normal human sera without bacteria (data not shown). This peptide is not cleaved during activation of C3 and reflects the total amount of C3 deposited on the bacteria. Deposition of C3␣ and C3␣ covalently bound to bacteria was indicated by the higher-molecular-weight bands. None of these bands were present on bacteria incubated with heat-inactivated serum, indicating that they were generated by complement activation.
Densitometry revealed a gradient of deposition of C3 on the three strains, with less deposition associated with increased BrkA expression (Fig. 6C) . Deposition of C3 (␣ and ␤) was significantly greater on RFBP2152 than on BP338 (P Ͻ 0.04; n ϭ 4) or on RFBP2171 (P Ͻ 0.0005; n ϭ 4) (Fig. 6C) . In addition, deposition of C3␤ was significantly greater on RFBP2152 than on BP338 (P Ͻ 0.03; n ϭ 4) or RFBP2171 (P Ͻ 0.004; n ϭ 4). These results show that the presence of BrkA inhibits deposition of all C3 fragments, suggesting that BrkA inhibits the complement cascade prior to the deposition of C3.
BrkA inhibits the deposition of C4. C4 is the second component of the classical pathway to be activated. This protein is made up of three polypeptides that are held together by disulfide bonds (Fig. 7A) . The three chains are the ␣ (90 kDa), ␤ (78 kDa), and ␥ (33 kDa) chains. Upon activation, the ␣ chain is cleaved, releasing the 9-kDa C4a fragment. C4 deposition was examined by Western blotting using reducing conditions (Fig. 7B) . The antibody used recognized C4␣ much better than it recognized C4␤ or C4␥. Deposition of the C4␣ chain was greater on RFBP2152 than on BP338 (P Ͻ 0.02; n ϭ 3) or on RFBP2171 (P Ͻ 0.03; n ϭ 3) (Fig. 7C) . This deposition was not observed on bacteria incubated with heat-inactivated serum. These data demonstrate that BrkA prevents deposition of C4 on the bacteria or promotes the degradation of C4 after binding, thereby blocking further steps in the complement cascade.
C1q deposition is not antibody dependent or altered by heat inactivation. The initiation of the classical pathway of complement activation requires the binding of C1q to antibody. This binding facilitates a change in structure of C1q, leading to activation of C1r and C1s, which activates C4 and C2. C1q is FIG. 6. C3 deposition. (A) C3 is composed of an ␣ chain and ␤ chain connected by disulfide bonds (SOS). The ␣ chain can bind covalently to the bacterial surface (represented by R). (B) Bacteria were incubated in 10% normal human serum or heat-inactivated serum (HIS) for 15 min and were analyzed by Western blotting under reducing conditions using goat anti-human C3 antibodies. RFBP2171 (a), BP338 (b), and RFBP2152 (c) were used. The ␣ and ␤ chains were determined by a comparison to bacterium-free serum run as a size control. ␣ ϩ R indicates larger bands than those seen in a serum control. (C) Densitometry was performed on the Western blots, and results are graphed in arbitrary units relative to RFBP2152 with standard error from four separate experiments. "All bands" indicates densitometry of all bands observed in the Western blot, while "C3␤" indicates densitometry of only the lower, C3␤ band. Densitometry of "All bands" and "C3␤ " for RFBP2152 was significantly higher than for BP338 (P Ͻ 0.04 and 0.03, respectively) or for RFBP2171 (P Ͻ 0.0005 and 0.004, respectively). Western blotting was performed using reducing conditions to monitor C1q deposition during the serum killing assay (Fig.  8) . Deposition of C1q was equivalent on all three strains. However, unlike the other complement proteins characterized in this study, deposition occurred even when heat-inactivated serum was used. Previous studies have shown that C1 activity is destroyed by heat inactivation (13) . C1 possesses an enzymatic activity in addition to its binding activity, and inactivation could be achieved without affecting the binding activity.
C1 binding was investigated further. Incubation of B. pertussis with purified C1 alone, purified C1 with purified IgG, or heat-inactivated purified C1 all showed equivalent deposition on RFBP2171 or BP338 (Fig. 9 ) or RFBP2152 (data not shown). These results suggest that binding occurs in the absence of antibody; however, we cannot determine if C1 has an affinity for B. pertussis or whether B. pertussis has an affinity for C1. The equivalent binding to the wild type and the BrkA mutant suggests that BrkA is not involved in binding to C1.
DISCUSSION
Pathogenic organisms have evolved mechanisms to interfere with the complement system at many steps in the cascade (6, 10, 16, 19) . One strategy of resistance depends on prevention of complement function. For example, Pseudomonas aeruginosa produces proteases specific for C1q and C3 (12) . Enteric pathogens, such as Escherichia coli, avoid killing by complement by making highly polymerized LPS to prevent complement deposition close enough to the membrane to promote lysis (5) . Another avoidance mechanism is to recruit host regulatory proteins. For example, S. pyogenes (11, 14) and Yersinia enterocolitica (22) bind the host regulatory protein, factor H, which regulates the C3 and C5 convertases. Host cells resist activating complement by presenting a high density of sialic acid on their surface, and Neisseria gonorrhoeae mimics this by incorporating sialic acid into its LPS (15) .
BrkA provides complement resistance to B. pertussis (7) . In this study, we wanted to explore the mechanism by which BrkA provides this protection. Deposition of C1, C4, C3, and C9 on the bacteria and production of SC5b-9 were monitored. Deposition of C4, C3, and C9 and production of SC5b-9 all increased with increased killing. Deposition of C1 was not affected by the presence of BrkA or antibody or by heat treatment of the serum. In total, these data suggest that BrkA inhibits activation or promotes degradation of C4 after deposition.
The mechanism by which BrkA inhibits complement has not been determined, but in theory it could work by either of the two paradigms discussed above: preventing complement function or recruiting a complement-inhibitory protein. BrkA could prevent complement function by acting as a protease against C1r, C1s, or C4. Inactivation of C1r or C1s would inhibit deposition of C4, as observed. Alternatively, proteolysis of activated C4 would also result in decreased C4 deposition.
Alternatively, BrkA may recruit a complement inhibitor. While there are many inhibitors of the complement cascade, only four act at the C1/C4 interface: soluble C4 binding protein and C1 inhibitor or membrane-bound CD46 (membrane cofactor protein) and CR1. The soluble complement regulators present the likeliest binding partners for BrkA. However, E. coli bas been shown to recruit protectin (CD59) (23), another complement inhibitor which is usually considered to be bound by the host membrane.
Purified C4 binding protein has been shown to bind filamentous hemagglutinin (FHA) (2); however, FHA is not required for resistance to complement (8) , suggesting that C4 binding protein bound to FHA is not protective. While deposition of C4 binding protein was greatly reduced on an FHA mutant, even less deposition was observed on a bvg mutant lacking expression of all virulence factors, including BrkA. This further decrease in binding leaves open the possibility that BrkA can also bind C4 binding protein and that C4 binding protein bound to BrkA may be protective.
Binding of C1 inhibitor is another attractive mechanism of action since BrkA has two SGXG proteoglycan binding motifs (7) that could allow efficient binding of the highly glycosylated C1 inhibitor (3). Recruitment of either C4 binding protein or C1 inhibitor by BrkA would result in a decrease in the accumulation of C4 on the surface of the bacteria as observed in this study.
By preventing activation of the complement cascade beyond C4, BrkA protects the bacterium against all the effects of the complement activation products, such as upregulation of the immune response by C4a, C3a, and C5a; opsonization of pathogens by C3b and iC3b; and direct killing of gram-negative bacteria by the membrane attack complex. Inhibiting these immune functions has obvious benefits for the bacteria. It should be noted that antibody alone is usually effective at opsonizing bacteria and promoting phagocytosis; however, in the case of B. pertussis, opsonization with antibodies does not promote phagocytosis by human neutrophils since adenylate cyclase toxin poisons this process (27) . BrkA is not a component of the present acellular pertussis vaccines. However, given its role in mediating protection from complement, it should be considered for inclusion in future generations of acellular vaccines.
